STUDY QUESTION: Is school performance in children conceived after assisted reproductive technology (ART) comparable to those conceived after spontaneous conception (SC)?
Introduction
It is well known that ART children have an increased risk of adverse perinatal outcome such as preterm birth (PTB), low birthweight (LBW) and small for gestational age (SGA) compared to spontaneously conceived children, even when comparing singleton babies (Helmerhorst et al., 2004; Jackson et al., 2004; McDonald et al., 2009; Bergh and Wennerholm, 2012; Pandey et al., 2012; Pinborg et al., 2013) . However, studies on the cognitive skills of ART children are inconsistent. Some studies have observed an increased risk of mental disorders and impaired cognitive development (Stromberg et al., 2002; Knoester et al., 2008; Kallen et al., 2011; Svahn et al., 2015) . Conversely, other studies have found no increased risk of mental, cognitive or emotional development disorders and no increased risk of neurological sequelae in ART children (Levy-Shiff et al., 1998; Pinborg et al., 2004; Ponjaert-Kristoffersen et al., 2004; Bay et al., 2013) . Several systematic reviews exploring neurodevelopmental outcomes for children conceived after ART have concluded that long-term mental and emotional health outcomes are reassuring (Middelburg et al., 2008; Hvidtjorn et al., 2009; Bay et al., 2013; Hart and Norman, 2013; Rumbold et al., 2017) . However, they also highlight methodological problems in the studies, such as selection bias (Hvidtjorn et al., 2009; Rumbold et al., 2017) .
Only a limited number of controlled studies have been published on ART children and school performances (Levy-Shiff et al., 1998; Wagenaar et al., 2008; Mains et al., 2010; Spangmose et al., 2017) . These studies indicate that ART children have similar school performances and cognitive development as children born after spontaneous conception (SC). Most studies are, however limited by few participants and a low participation rate, giving a high risk of selection bias. A recent Danish study explored a complete ART cohort with matched singletons and twins born after SC and aged 15-16 years old (Spangmose et al., 2017) . After adjustment for parental educational and occupational levels, they found that ART singletons had slightly lower overall mean test scores than SC singletons.
The aim of this study was to explore school performance in adolescents conceived after ART compared to those conceived after SC.
Materials and Methods

Data sources
This was a population-based retrospective study carried out in Sweden, including all singletons born after ART and all singletons born after SC, between 1985 and 2001 in Sweden. All children in the study were identified by their Personal Identification Number (PIN), a unique number allocated to each person living in Sweden. Using this number, we were able to crosslink and retrieve information from the following six registers: The Medical Birth Registry/IVF (MBR/IVF), The Swedish National Quality Register of Assisted Reproduction (Q-IVF), the Swedish Medical Birth Register (MBR), the National Patient Register (NPR), the Swedish Cause of Death Register (CDR) and the National School Register. Information on type of pregnancy (ART versus SC) and ART-technique was obtained from the two IVF registers. Maternal age, parity, birth characteristics and stillbirth/livebirth information was obtained from the MBR. Information about mental disability was obtained from the NPR. Information about deaths was obtained from the CDR. Outcome data (school performance) was obtained from the National School Register. In addition to these registers, The Longitudinal Integration Database for Health Insurance and Labour Market Studies (LISA) and Multi-Generation Register at Statistics Sweden provided information on emigration and parental sociodemographic background factors. After cross-linking, unique serial numbers separate from the national PIN numbers were given to all participants, providing full anonymity for all but National Authorities.
The MBR/IVF and Q-IVF. Since the birth of the first IVF child in Sweden, in 1982, and until 2006 , data on all ART treatments resulting in deliveries has been reported to the Swedish National Board of Health and Welfare. For ART deliveries, these data have included full identification of the mothers. For the purpose of this study and since this file is stored at MBR, it was decided to name this file MBR/IVF. In 2007 the National Quality Register for Assisted Reproduction (Q-IVF) was established and funded by the Swedish Association of Local Authorities and Regions (SKL). This register includes results of all IVF cycles started in Sweden and has full patient identification, i.e. patient's Personal Identification Numbers. All IVF clinics, public as well as private, report treatment characteristics and results to Q-IVF and the results are public and posted on the Q-IVF website (www.qivf. se). All patients are informed about the Q-IVF and may choose not to have their data included, although this is very rare. We could not identify women who had ART treatment abroad and returned to Sweden and gave birth, but we estimate that this was a limited number of women during this time period.
The MBR was established in 1973 and covers nearly all births (99%) in Sweden with very few exceptions (Cnattingius et al., 1990) . It contains data on pregnancy, delivery and the neonatal period. Standardized medical records are kept at all antenatal clinics, delivery wards and at the paediatric examinations of the new-borns. The quality of MBR has been evaluated three times, in 1976 times, in , in 1988 times, in (Cnattingius et al., 1990 times, in ) and in 2001 times, in (www.socialstyrelsen.se/ publikationer2002/2002 . The validations have shown that the maternal diagnoses are correctly reported on 98% of occasions. Furthermore, 98% of the data on children in birth registers of Statistics Sweden exists in the MBR (www.socialstyrelsen.se/publikationer2002/2002 .
The NPR includes all in-patient care in Sweden. From 1987, it has covered the whole country. From 2001, the NPR has also covered outpatient visits, including day surgery and psychiatric disorders, treated by both private and public caregivers. Primary care is not yet covered in the NPR (Ludvigsson et al., 2011) . In the present study, we used the International Classification of Diseases (ICD) 9 codes during the period 1987-1996 and ICD 10 codes from 1997 for mental disability (ICD 9 codes: 317, 318, 319; ICD 10 codes: F 71, 72, 73, 78, 79) .
The CDR includes all Swedish citizens who have died since 1952, either in the country or abroad, and who were registered in Sweden at the time of death (www.socialstyrelsen.se/register/dodsorsaksregistret).
The National School Register is administered jointly by the Swedish School Authority (Skolverket) and Statistics Sweden. The database encompasses information on individual educational achievements (grades by subject as well as summary scores) for all students graduating from ninth grade in public schools since 1988. Non-public schools, which comprise fewer than 5% of all Swedish schools, have been included since 1993. School grades are based on a uniform evaluation system for all schools in Sweden and are calibrated annually by a compulsory individual-level test that Continued provides standardized assessments of proficiency in mathematics, Swedish and English. The quality of the data in the National School Register is high and summary statistics are published regularly (http://www.skolverket.se). Statistics Sweden is the central authority for recording statistics on all Swedish citizens. The LISA contains information such as highest educational level, disposable income, immigration and emigration. The Swedish Multi-Generation Register includes all individuals born in Sweden since 1932 and those who have been registered as living in Sweden at some time since 1960, and their biological parents (http://www.scb.se).
Study population
During the time period 1 January 1985 and 31 December 2015, 3 228 529 children (stillbirths excluded) were born in Sweden. The reason for not including children born between 1982 and 1984 was that very few ART children were born during these years (only seven). We therefore decided to exclude these 3 years. We included 1 507 990 children, representing all singletons registered at the Swedish School Authority in the ninth grade ( Fig. 1) .
We excluded 87 838 multiple births (12 161 
Outcomes
The primary outcome was school performance after the completion of 9 years in regular Swedish school and based on a mean total score of 16 subjects (0-320). Secondary outcomes were the mean school grade (0-20) of specific subjects (mathematics, Swedish, English and physical education), 'qualified to enter secondary school' (approved in mathematics, Swedish and English) and 'poor school performance' (total score <160).
In Sweden, children start school in the autumn of the year of their seventh birthday. The education of children up to adolescence is compulsory and primary school is 9 years in total. In the ninth grade, all students are awarded grades. During the study period, a grading system with school grades ranging from 0 to 20 was used. With 16 different subjects, the total score was between 0 and 320. Between 1997 and 2001, the grade system consisted of four different grades (fail = 0 points, pass = 10 points, pass with distinction = 15 points, pass with special distinction = 20 points). From 2001, the grade system consisted of six different grades (F=0 points, E = 10 points, D = 12.5 points, C = 15 points, B = 17.5 points, A = 20 points). F meant fail, E to A were all passes. It was not possible to see the difference between 'fail' and 'not participated' in all subjects, as both groups of students received a total score of 0 points. To qualify for secondary school (3 years in secondary school is compulsory for further university studies), a passing grade in the core subjects of mathematics, Swedish and English was required. We therefore also assessed the percentage of students who passed in these three subjects. Finally, we assessed 'poor school performance' which we defined as a total score below 160, i.e. the mean grade of the individual was below 'pass' (Lambe et al., 2006) .
Covariates
Covariates of interest, identified in the literature and associated with school performance (Svensson et al., 2011; Ahlsson et al., 2015) were collected from the registers. Child characteristics included gender and year of birth. Pregnancy characteristics included maternal age (≤24, 25-34, 35-44, ≥45 years), parity (1, 2, 3, 4, ≤5), paternal age (≤24, 25-34, 35-44, ≥45 years) at the birth of the child, and maternal smoking during pregnancy (yes or no). Family characteristics included region of birth of the parents (Sweden, Nordic outside Sweden, European outside Nordic Region, African origin, Asian origin, other origin), parental education (≤9, 10-12, higher education <3 years, higher education ≥3 years) and socioeconomic class (working class, middle class, high class).
We did not in the main analysis control for Apgar score, birth defects, birthweight, gestational age, or induced or complicated births, as these are potential causal pathway characteristics. In a supplementary analysis, we also included gestational age (<28, 28-31, 32-36 and ≥42 gestational weeks vs 37-41 gestational weeks as reference) and birthweight (<2500 g vs ≥2500 g as reference) in the adjusted model to evaluate the influence of these factors on outcomes.
Ethical approval
Permission was given from the Regional Ethical Committee at the University of Gothenburg (Dnr 214-12, T422-12, T516-15, T233-16, T300-17, T1144-17, T121-18).
Statistical analysis
Descriptive statistics are given by mean and standard deviation (SD) for continuous variables, measured in scores and percentiles, and by number (n) and percent for categorical variables. Since the distribution of school grades was skewed, percentiles were used (range 1-100, with 1 being the lowest and 100 being the highest). T-test was used for comparison of means and Chi-square was used for comparison of percentages. Simple and multivariable linear regression was used for the analysis of percentiles, and logistic regression was used for the corresponding analysis of binary outcomes. In the modelling procedure, we applied mixed linear regression modelling with mother as clustering level. However, since the clusters are many and small and since the correlations between siblings (multiples excluded) probably are small, the intra class correlation coefficient (ICC) Mean total score (0-320) and mean grades (0-20) for specific subjects. * Total score 0-320. ** Score 0-20 (fail = 0 p, pass = 10 p, pass with distinction = 15 p, pass with special distinction = 20 p).
became neglectable (P < 0.01). Based on this, we decided to use simple regression methods to prioritize the stability of the models. A fixed set of covariates was selected based on medical knowledge. Crude and adjusted mean differences and 95% confidence intervals (CI) in percentiles of school grades and odds ratio (OR) and adjusted OR with 95% CI for 'qualified to enter secondary school' and 'poor school performance' are presented. Significance level was set to 5%. Analyses were conducted using STATA Version 15.
Results
In total, 1 507 990 singletons were included in the study. Of these, 8323 singletons were born after ART and 1 499 667 singletons were born after SC (Fig. 1) . Table I describes sociodemographic and perinatal characteristics. Mean maternal age was 33.9 years for ART mothers and 28.6 years for SC mothers. Higher education ≥3 years and high socioeconomic class characterized 29.3% and 42.5% of ART mothers and 24.0% and 35.8% of SC mothers, respectively. Nulliparity characterized 76.2% of the mothers of ART children and 41.2% of mothers of SC children. PTB and LBW occurred in 9.3% and 7.0% of ART children and in 4.8% and 3.0% of SC children. Table II shows mean total score and percentiles in all subjects for singletons born after ART and SC, and graduating between 2000 and 2016, and mean school grades for specific subjects: mathematics, Swedish, English and physical education. ART children had a mean total score of 230.2 (SD 57.2), corresponding to mean percentiles 60.2 (SD 27.7), whereas children born after SC had a mean total score of 209.7 (SD 63.9), corresponding to mean percentiles 50.2 (SD 29.0). Mean scores and percentiles for the specific subjects are illustrated in Table II .
In all, 7778 (93.5%) of children born after ART and 1 332 096 (88.8%) born after SC qualified for secondary school while 596 (7.2%) children, born after ART, and 202 776 (13.5%) children, born after SC, were classified with poor school performance (Table III) .
In the main linear regression analyses, ART children had a significantly lower total score for all subjects than children born after SC (Table IV) . The adjusted mean difference (percentiles) was -0.72 (95% CI -1.31 to -0.12; P = 0.018). Also ART girls had significantly lower percentiles in total scores (adjusted mean difference -1.22, 95% CI -2.1 to -0.36; P = 0.005). When analysing boys and girls together, there were no significant differences between children born after ART and children born after SC in mathematics, Swedish, English or physical education. The adjusted mean difference (percentiles) were -0.56 (95% CI, -1.19 to 0.06; P = 0.08), -0.51 (95% CI, -1.1 to 0.09; P = 0.10), 0.03 (95% CI -0.62 to 0.69; P = 0.92) and -0.48 (95% CI, -1.2 to 0.23; P = 0.19) in mathematics, Swedish, English and physical education, respectively. When we analysed gender separately, ART girls had significantly lower percentiles in Swedish (adjusted mean difference -1.2; 95% CI, -2.2 to -0.29; P = 0.01).
There was no significant difference between ART children and children born after SC regarding qualifying for secondary school (AOR 1.05; 95% CI 0.95-1.17; P = 0.35) or poor school performance (AOR 0.98; 95% CI, 0.89-1.09); P = 0.73 (Table V) .
In the supplementary analysis, adjustment also for gestational age and LBW changed the estimates and 95% CI only marginally (adjusted mean difference in total scores [percentiles] -0.63; 95% CI -1.23 to -0.04, P = 0.036, qualifying to high school: AOR 1.07; 95% CI 0.96-1.17, P = 0.25 and poor school performance AOR 0.97; 95% CI 0.88-1.08, P = 0.62).
Analysis of missing data
There were 42 274 children not registered by the Swedish School Authority. Of the children born after ART 226/8323 (2.7%) had no registered education. The corresponding figure for children born after SC was 42 048/1 499 667 (2.8%). When cross-linking these children with the NPR using the ICD 9 and ICD 10 codes for mental disability, 79/226 (35.0%) of ART and 14 276/42 048 (34.0%) of SC children were registered under one of these diagnoses. The PTB/VPTB and LBW/VLBW rates were high in the group of children whose data was missing, particularly among the ART children (Table VI) .
Discussion
The main finding of this large population-based study on school performance was that ART children achieved a higher total score when compared with children born after SC. However, after adjustment for relevant covariates, there was a significant difference in total scores, where SC children scored higher. SC girls also achieved a significantly higher score than ART girls. In the specific subjects, mathematics, Swedish, English and physical education there were no significant difference in scores when analysing boys and girls together but a significantly lower score in Swedish was noted for ART girls. The adjusted mean differences in percentiles observed in a few comparisons were all small, thus we considered them probably not of clinical relevance.
When comparing 'qualified to secondary school' and 'poor school performance', there were no significant differences between the groups. The major strength of this study is the population-based design and use of registers with high validity and low risk of selection bias. Furthermore, it contains a complete national cohort of children. Another strength is adjustment for many relevant confounders. Female gender was generally associated with good school performance. Further covariates for good school performance were high maternal age at delivery, high socioeconomic class and high parental Covariates Figure 2 Adjusted mean difference in total scores (percentiles) for covariates included in the models.
education, which characterized parents of ART children to a greater extent. Covariates associated with lower school performance were smoking during pregnancy and a higher number of siblings, which were characteristics more common among parents of children born after SC. These differences probably explain the higher crude total scores of ART children (Table I , Fig. 2 ). The main limitation of this study was that test scores were missing in 2.7% and 2.8% in ART and SC children, respectively. Although we were able to crosslink this subpopulation with the NPR using codes for mental disability, such a diagnosis only partly explained the missing scores. Other limitations are residual confounding caused by unknown confounders. Further, ART procedures have changed in the years since the cycles leading to the delivery of these children were performed. PTB and LBW rates for ART singletons have declined (Henningsen et al., 2015) , and it is possible that these data will change when we can evaluate children of ART conceived during later time periods. The results of this study agree with and further extend the results of the study from Spangmose et al. (2017) by including a large and complete cohort of ART and SC children and by providing an even more detailed analysis of school performance. The Danish study included 2836 ART singletons and 1930 ART twins and compared them in a matched design with 5660 singletons and 7064 twins born after SC. Similar to our results, the crude mean test score was higher in ART singletons than in SC adolescents. However, the adjusted mean overall test score was significantly lower for ART singletons when compared with SC singletons.
The number of children not registered in the education system in this study is low compared to other studies on school performances (Wagenaar et al., 2008; Mains et al., 2010; Spangmose et al., 2017) . The exact reason for no registered education is not known but may include severe physical and mental disorders. We managed to crosslink the children with no registered education with the NPR using the diagnoses for mental disability. We found that 35.0% of ART and 34.0% of SC children with missing data on education were registered with such a diagnosis. In the main analysis and in the sub-analysis, high rates of LBW and PTB were observed in the ART group. PTB and LBW are factors known to be associated with mental disability (Stromberg et al., 2002; Moster et al., 2008; Hvidtjorn et al., 2009) . The results however give no indication that mental retardation was more common among ART children with missing school grades. We were not able to crosslink to other severe diagnoses. Another reason for missing data could be that children attending non-public schools were not registered before 1993.
Conclusions
Singleton children born after ART performed better in the crude analysis than singleton children born after SC, although after adjustment small differences were observed in total scores in favour of SC children.
Also SC girls scored higher compared to ART girls when adjusted for relevant confounders. However, the magnitude of these differences was low. In the specific subjects, mathematics, Swedish, English and physical education, there was a significant difference in Swedish for girls, with SC girls scoring higher. Finally, in the analysis of 'qualified for secondary school' and 'poor school performance', there were no significant differences between the groups. The small differences observed in a few comparisons were considered to be of hardly any clinical relevance. These findings indicate that the school performance of ART children is generally reassuring.
